Entrained flow gasification of biomass in a cyclone reactor combined by a gas engine has been applied in Nordic countries as one of the preferred methods for generating combined heat and power in small scales. The purpose of the current study was to optimise the gasification plant efficiency and understanding the influence of operating conditions. The experiments were carried out in a 2.4 MW(th) commercial gasification power plant. The gasifier was operated in optimum at a rather low lambda around 0.27 and a temperature of 950°C. The lower heating value of the clean product gas at this lambda was 5.95 MJ/Nm 3 . The experimental results also were compared with the predicted values from thermodynamic equilibrium calculations by Factsage 7.0. The performance of five different types of biofuels including torrefied spruce, peat, rice husk, bark and stemwood were assessed and compared with each other using thermodynamic equilibrium and available experimental data.
Introduction
One of most efficient techniques to utilise the energy of any fuels is combined heat and power (CHP) in large-scale with an overall efficiency above 90% (Risberg 2013) . For domestic heating during most months of a year, Sweden has built up different CHP distribution networks in almost all population centres of each city. Depending on the population of a city, size of the CHP plants is varied between 25 and 600 MW (Risberg, Carlsson, and Gebart 2015) . However, there are many industrial sites or smaller cities where their heating demand is around 1 MW (less than 5 MW) which can be also provided from a small-scale CHP plant as well (Bernotat and Sandberg 2004) . The main problem with a small-scale CHP production is relatively high cost of investment, operation and maintenance and also power efficiency is decreased. One of the best ways to potentially overcome these problems and meet the requirements in small-scale applications is to switch to biomass cyclone gasification technology combined with a gas engine that followed by heat recovery from the engine exhaust gases (Risberg 2013) . This technology has shown to work quite properly with a variety of biomass fuels. Optimisation of the cyclone gasifier is a crucial target in order to find a suitable scale and maximise the gasification efficiency while the plant size is designed as small as possible to maintain the investment costs down.
For optimising the performance of biomass gasification plants, it is important to understand the influence of various operating conditions of the gasifier on the process yield, syngas composition and plant efficiency. As an example, the effect of temperature on the solid biomass gasification behaviour was already investigated in a lab-scale entrained flow gasifier with the capacity of 5 kW by Qin et al. (2012) . It was concluded that a tar-free syngas with high quality is obtained at the gasification temperature higher than 1350°C.
In this work, a 4.5 MW fuel commercial demo air-blown entrained flow cyclone gasification plant located in Hortlax community (in Pitea, Sweden) has been studied. This gasifier which is called as the Hortlax gasifier operates like a cyclone separator and provides 2.4 MW(th) of district heating for the community as well as 1.3 MW of electricity for the grid. The gasifier is operated with air at atmospheric pressure that leads to produce a gas including CO, CO 2 , H 2 , H 2 O, CH 4 and N 2 . The large amount of nitrogen in air as an inert gas reduces the quality of the produced synthesis gas. Thus, decreased amount of nitrogen is beneficial for the system due to the reduced content of inert gas. This also applies for the combustion gas engine where nitrogen as the inert gas increases the amount of work required in and out of the engine. Therefore, this makes the process less efficient comparing to an oxygen-blown gasification. Moreover, it brings more cost for the energy to heat and cool inside both the plant and the gas engine. However, in general, using air is more beneficial in comparison with pure oxygen due to the high cost of air separation unit.
One of the main characteristics of cyclone gasifiers is to tolerate a broad range of fuels, especially high ash content biofuels (Zhao et al. 2012; Sun et al. 2009a Sun et al. , 2009b Gabra et al. 2001a Gabra et al. , 2001b Salman 2001; Fredriksson 1999) . The cost of a fuel is a crucial factor that influences overall costs. A fuelflexible gasifier like cyclone gasifier is preferred this way to optimise the overall process. Earlier work performed by Risberg, Carlsson, and Gebart (2015) , Risberg (2013) , Risberg et al. (2014) was focused on the experimental study of a 500 kW(th) pilot cyclone gasification plant using different types of solid biofuels and characterisation with respect to product gas composition. In the current work, air stoichiometric ratio (λ) of the commercial Hortlax gasifier has been varied systematically to be able to establish knowledge for the behaviour of the gasifier in different operating conditions. The aim of the experiments was to figure out how the product gas yield, fuel conversion and process cold gas efficiency would be affected by varying stoichiometric ratio in typical ranges for biomass gasification.
Furthermore, for a better understanding of the gasification process and finding a theoretical way to optimise the gasifier operation, thermodynamic equilibrium was used as a tool. At first, the equilibrium assessment was performed, using FactSage™ 7.0 software from GTT Technologies, for an air-blown gasification process of stem wood. The air stoichiometric ratio (λ) has been varied assuming adiabatic condition. The predicted results of gasification temperature, product gas yields and cold gas efficiency have been compared with the experimental data to see how far from equilibrium condition the process is in reality. The calculations have been repeated for other types of biofuels including peat, rice husk, bark and torrefied spruce. Hence, a comparison between the performance of different biofuels and by referring to the experimental data of (Risberg et al. 2014 ) has been carried out. In the following section further explanation about the process parameters will be presented.
Theory
The entrained flow cyclone gasifier operates with the fuel feed and oxidant in co-current flow. The residence time inside the gasifier is of the order of a few seconds. In order to reach a full fuel conversion, the fuel particle size must be very small compared to other types of gasification reactors. One of the advantages of the system is that the fuel ash is already separated from the raw produced gas inside the gasifier and goes downward towards the char bin. However, the gasification temperature, in comparison with other types of entrained-flow gasifiers, is relatively low that results in a quite a bit of unconverted tars. This high amount of tar needs to be cleaned in several steps which cause an extra cost. In this section, a description of the physical and chemical processes during entrained-flow gasification phenomena is provided.
A mixture of solid fuel particles and air as the oxidant are blown into the cyclone gasifier through two tangential inlets (see Figure 1) . As the fuel particles are introduced into the cyclone gasifier, they spiral downwards. Due to the hot environment (800-1000°C), they are quickly heated and their moisture which is less than 6% is released at the early stage. Subsequently, the devolatilization step (or pyrolysis) occurs during which different gaseous compounds and carbon-rich char particles are produced (see Table 1 , R 1 ). In this process, the gaseous compounds contain CO, CO 2 , H 2 , H 2 O, light hydrocarbons like CH 4 , and heavier hydrocarbons that presented by C a H b O c (see Figure 1 and Table 1 ). The pyrolysis process begins already at temperatures higher than 350°C, and takes place simultaneously with heating of the fuel particles . The fuel particle heating rate has influence on both gas yields and reaction rate of pyrolysis Zanzi, Sjöström, and Björnbom 1996; Neves et al. 2011; Newalkar et al. 2014) . During the pyrolysis process, higher aromatic hydrocarbons and soot also can be produced depending on the conditions inside the gasifier (Richter and Howard 2000; Evans and Milne 1987) .
The oxidant (air), which is fed together with the fuel particles through the inlets, forms a strongly spiralling motion downwards (Figure 1 ). During this motion, the substoichiometric amount of oxygen in air is therefore quickly consumed through the reactions R 2 -R 5 shown in Table 1 . These exothermic combustion reactions produce the required amount of heat for the gasification process. The air stoichiometric ratio (λ) in the gasifier is defined as the ratio of the supplied air mass flow to the necessary air mass flow for a stoichiometric combustion. Moreover, it is believed that the two reactions of water-gas shift reaction (R 6 ) and steam-methane reforming reaction (R 7 ) are important to determine the bulk gas composition in the gasifier.
After the pyrolysis step, the remaining particles of soot and char (shown by C(s) here) react with the surrounding gases inside the gasifier (i.e. heterogeneous reactions of gasification R 8 -R 12 in Table  1 ). The endothermic reactions of R 8 or R 9 are aided by high temperatures in the gasifier. Mass transfer between the surface of the solid particles and the surrounding gases plays a crucial role in this gasification step. Thus, as the slowest gasification step, it can determine the overall conversion rate . The reactions of R 11 and R 12 are unlikely to take place in the lower section of the cyclone gasifier, since most of the O 2 in air is used up in the upper section of the gasifier.
After the product gas exits the cyclone gasifier, it needs to pass through a complete gas cleaning system before being used in a gas engine. This system is required to control the heating value and particle content of the product gas based on the targets specified by the engine manufacturers. In fact, the amount and composition of submicron particles in the cleaned product gas are determining factors for the cost of gas engine maintenance (studied by Risberg et al. (2014) ).
Type of fuel feedstock has influence on the heating value of the product gas, gasification efficiency, amount of unconverted carbon and submicron particles, as well as the composition of the product gas (Risberg et al. 2014) . Different kinds of biofuels with a wide variation of properties including stem wood, peat, rice husk, bark and torrefied spruce that are available in Sweden and elsewhere have been selected to study. Torrefied biomass is a relatively new fuel of great interest in the energy sector as an alternative to fossil fuels. Torrefaction is a thermal treatment of biomass at 200-300°C to increase the energy density and enhance its physical and chemical characteristics for the gasification process (Stelt et al. 2011) . Peat is another biofuel of potential interest and available at low cost which is classified in a category between fossil and renewable fuels according to the report of Intergovernmental Panel on Climate Change (IPCC) (Risberg et al. 2014) . In Sweden, the bark is a considerable residue from the wood industries that can be used to supply heating plants. In Asian countries, rice husk is available in large quantities for using in CHP plants (Bergqvist et al. 2008) . However, rice husk is a problematic fuel because of its low bulk density and high ash content.
The local temperature also has effect on the physical and chemical properties of the char, soot and the product gas. The process temperature influences the nanostructure and therefore the reactivity of the particles of char and soot during gasification Septien et al. 2014; Wal and Tomasek 2003) . Moreover, at higher pyrolysis temperatures, the produced char can exhibit a structure with higher graphitisation degree that has a negative effect on the gasification reactivity.
Besides the process parameters, fluid dynamics of the particle-gas mixture and fuel particle sizes play very important role in the cyclone gasifier. The swirling motion of the gas flow creates a centrifugal force that pushes the char and soot particles towards the hot wall. The denser particles are more easily conveyed toward the wall than the smaller ones. The fuel particles with much smaller size have more tendency to get dispersed at the core area and exiting the gasifier upwards together with the product gas. The particles that are already separated from the main flow and reach the wall move swirly downwards while gasifying. The product gas, in the conical part of the gasifier, is slowly pushed into the core region and directed to an upward motion. Finally, the produced gas goes out the gasifier through a tube called as 'vortex finder' that is suspended from the centre of the roof and extends downwards (Hoffmann and Stein 2008) . 
If the gasification of char particles proceeds to completion, the left residues of ash particles exit the gasifier through the bottom of the conical part towards the char bin. However, if the gasification process for a particle is not completed, the collected particle will be a mixture of unconverted char and ash. A good point with the cyclone gasifier is that the ash residues exist in solid form due to the low temperature, and thereby do not leave the gasifier in form of molten slag opposed to the majority of entrained flow gasifiers. But the disadvantage is that the low temperature causes a high yield of tar and soot. On the other hand, increasing the temperature high enough to reduce this amount of tar and soot comes with the disadvantage of high oxidant consumption (see Section 4.1).
The major gasification process parameter in this study is the air stoichiometric ratio (λ) since it influences both the stoichiometry and the temperature in the gasifier. The process temperature is also a significant parameter to govern the product gas yields. However, inside the autothermal cyclone gasifier which is heated by the exothermic reactions, the process temperature is a direct effect of λ and it is impossible to control the process temperature and the λ totally independent from each other. The fuel load is not considered as a process parameter in the current study, since in theory adiabatic equilibrium calculations do not show any influence from the fuel load on the gasification temperature. However, in reality varying the fuel load can partly control the gasification temperature when λ is the same. This is because the relative heat loss to the surroundings is reduced as the fuel load goes up. Moreover, by varying the fuel load, the gasification residence time and the gas production capacity can be controlled. The Hortlax cyclone gasifier is designed for a fuel flow of 1000 kg/h. In practice it is rarely operated at such capacity but rather in the region of 540-860 kg/h. During the current measurements, the fuel load is fixed around 60%, i.e. approximately 580-590 kg/h.
Experiments

The gasifier
In Figure 2 the schematic of the gasifier is presented. The air-blown entrained flow cyclone gasifier consists of a fuel hopper where fuel pellets were stored. The pellets were grinded to fine wood powders in a disc mill. The powder was transported pneumatically i.e. with gasification air to the gasifier. Then, the fuel powder was gasified inside the reactor, while char and ash were separated at the bottom of the gasifier, and the produced gas left the reactor from the top. The produced gas was then cooled in a water quench from the gasification temperature about 950°C to around 80°C. In order to remove the tars and other suspending particles in the produced gas, a cleaning system was operated using: (i) a venturi-scrubber for collecting particles, (ii) a water scrubber as the scrubbing liquid to remove the tars, (iii) a wet electrostatic precipitator to separate the remaining aerosols and small oil droplets. Eventually, the cleaned produced gas can be used in a gas engine connected to an electrical generator or it can be flared. In this commercial gasification plant, the product gas is used to provide around 1.3 MW of electricity as well as 2.4 MW(th) of district heating.
Fuel and operating conditions
The powder of wood pellet from Stenvalls Trä AB (ST, Sweden) was evaluated in the experiments. A disc mill was used to crush the stem wood fuel to suitable particle sizes. The fuel particle size affects plant performance. Fine particles are more quickly converted in the gasifier in comparison with larger particles, and hence show a higher fuel conversion (Risberg et al. 2014 ). However, the cost for fine fuel powders will be increased due to higher energy demand for milling. In this experiment, a CAM-SIZER from Retsch Technology which is an optical particle size and shape analyser was used to measure the particle size distribution. The cumulative and normal particle size distribution of the tested wood powder is indicated in Figure 3 . Accordingly, the distribution of particles in the cyclone gasifier commercial plant is quite non-uniform. The particle diameters are measured in the range of 0-3000 µm. The characteristic size distribution values of d 50 and d 90 are correspondent to the mass median particle sizes under which 50% and 90% of the particles lie, respectively. These values of d 50 and d 90 were evaluated around 59 and 1570 µm, respectively. This indicates that the particles with dimeter relatively larger than 1500 µm have almost 10% of the total mass of particles, and the particles with dimeter smaller than 60 µm include nearly half of the total mass of particles.
The experiment was begun with a cold gasifier that was heated up overnight to reach a temperature around 800°C using an oil burner inserted in the middle of the reactor. Then, the oil burner was taken out and a ceramic plug (the same material as the reactor refractory lining) was replaced. After, the gasification process was initiated by feeding the fuel powders into the gasifier that led to an ignition of a steady flame at the top part of the gasifier. The gasifier was first operated with an equivalence ratio of 0.22. In the mid-section and bottom of the gasifier, secondary air was added into the reactor. This resulted in increasing the lambda (λ) until around 0.3 and the temperature to about 1000°C. Each operating condition was continued for about 2-3 h in order to achieve a steady state condition before starting gas sampling, although in all cases the gasifier internal wall temperature was still changing. However, a study already indicated that around 2 h was needed to fulfil approximately 90% of considerable variations in the temperature (Weiland et al. 2014a ). Hence, it was expected that error in the temperature with this method would be small. Eventually, the reactor temperature was measured at different points in the top, middle and at the bottom of the gasifier of the cyclone reactor with thermocouples mounted inside the gasifier wall (see Figure 2 ). In accordance with the statistical assessment of the measured process temperature, the real process temperature was within about ±40°C from the averaged process temperature for the specified operating condition.
Gas sampling
A small slipstream of the gas was sampled from the exit pipe. The sampled product gas which contained steam was cooled to a temperature of around 40-80°C. Therefore, it is possible that the sample was different from the hot product gas exited the gasifier because of the further reactions. However, from an earlier work (Wiinikka et al. 2012) , it was understood that if the cooling process through the water quench was quick enough, the hot product gas composition would be practically conserved.
Therefore, due to the quick cooling in the current measurements, it is expected that there is a small difference between the dry composition of the hot gas leaving the gasifier and the cooled gas. The gas composition was frequently analysed using a micro-gas chromatograph (Varian 490 GC) with two thermal conductivity detectors (TCD). The concentrations of He, CO, CO 2 , H 2 , N 2 , O 2 , CH 4 , C 2 H 2 and C 2 H 4 were logged every few minutes. For measuring the concentration of benzene (C 6 H 6 ), a flame ionisation detector (FID) was used.
Mass and energy balance
In the present work, the Helium trace method was used as an internal standard for calculating the mass balance. The fuel mass flow rate was determined by calibrating the fuel feeder before any experimental day. A gas flow metre was applied to measure the cooled gas flow rate. Accordingly, the tracer element of Helium was measured accurately.
One of the frequently used measures for the gasification process efficiency is the cold gas efficiency (CGE) . It is described as the ratio of the cooled product gas energy to the input corresponding fuel energy. The chemical energy values of the fuel and the gas used in the CGE formula can be in the form of either the high heating value (HHV) or the lower heating value (LHV). In this paper, the CGE values are calculated based on LHV which means that the water vapour in the fuels was included in the calculation of heating value:
whereṁ g andṁ f are the mass flow rate (kg/s) of the product gas and the biofuel, respectively. And, LHV g and LHV f are the lower heating values (MJ/kg) of the product gas and the biofuel, respectively. The CGE in the cyclone gasifier is calculated using all the combustible gas species in the product gas (Weiland et al. 2014b; Wiinikka et al. 2012) , since the product gas is intended to use for a complete combustion to generate power in a gas engine. The mass flow rate of the product gas was determined based on the content of input nitrogen into the gasifier in the air, biofuel and inert nitrogen in different places inside the gasification plant, as well as the amount of nitrogen in the gas measured by the micro GC. The residues collected in the char bin contained a mixture of char and ash. The char was assumed to be composed of base carbon, and the ash contained different metal elements. The char + ash yield was calculated based on the char content of the residues collected in the char bin. Since the residues were collected during the experiment, the content of unconverted char and ash is a time-average measurement over the whole time of gasification.
The carbon conversion is a measure for the fuel conversion in the gasification experiments. It is defined here based on the ratio of carbon content in the residues collected in the char bin to the amount of carbon in the input fuel as depicted in the calculation from as follows:
where v Cr and v Cf are the mass fraction of carbon in the residues and the fuel, respectively; and, m residue andṁ fuel are the mass flow rates of residue into the char bin and fuel into the gasifier, respectively. However, in this definition, it was assumed that the char only consists of carbon which leads to underestimate the carbon conversion.
Results and discussion
Thermodynamic equilibrium of stem wood
Thermodynamic equilibrium can be used to give a better understanding of the gasification process and to make a theoretical window for the optimal operating condition. Factsage™ 7.0 software was used to perform the equilibrium calculations for air-blown gasification of stem wood. In theory, the air stoichiometric ratio (λ) is the most significant operating parameter in the entrained-flow gasifiers. In Figure 4 , the results of the product gas yields, the gasification temperature, and the cold gas efficiency as a function of stoichiometric ratio (λ) are indicated assuming adiabatic condition. The nitrogen content as the inert gas is not shown, since its amount is linearly increased by λ. The resulting equilibrium temperature at low λ less than 0.3 is approximately below 730°C. Below this temperature, the carbon conversion and the cold gas efficiency are negatively affected due to the remaining amount of solid carbon (C(s) in Figure 4 ). By increasing λ higher than 0.3, the combustion reactions (R 2 -R 5 in Table 1 ) are promoted resulting in a rise in process temperature and thus complete conversion of solid carbon. At this λ, the cold gas efficiency reaches its maximum value of 0.87. However, the equilibrium calculations showed that at approximately λ = 0.35, the content of CH 4 is entirely converted to CO and H 2 . Further increase in λ leads to even higher temperature and thus more promotion in the combustion reactions of R 2 -R 5 that results in decreasing cold gas efficiency. At roughly λ = 0.95, the adiabatic temperature is at its highest value around 1975°C which leads to the dissociation of CO 2 and H 2 O and forming free O 2 and radicals like OH as seen in Figure 4 . It can be seen also that beyond complete combustion (λ > 0.95) the adiabatic temperature begins to decrease again.
In reality, a gasifier cannot be operated in an adiabatic condition due to the thermal losses to the surroundings. The heat losses through the hot walls of the commercial cyclone gasifier used in this work have been estimated to be around 130-220 kW which corresponds to 3-5% of the entire fuel load. If heat losses are considered in the thermodynamic equilibrium calculations, the achieved temperature at a certain λ will become less than the temperature obtained in the adiabatic condition. This means that reaching a certain temperature in the gasifier needs higher λ or more amount of air compared to an adiabatic case. Also similarly, a higher λ is needed to obtain complete carbon and CH 4 conversions in comparison with the case in adiabatic condition. Accordingly, the maximum value for cold gas efficiency will be shifted up to higher λ values. Additionally, since the combustion reaction of energetic gases in R 2 -R 5 are promoted for higher λ values, the cold gas efficiencies are reduced compared to the adiabatic case. Therefore, the optimal value of CGE will be shifted down to the right in Figure 4 after adding heat losses to the calculations.
Another significant reality about the entrained flow gasifiers is the slow conversion of CH 4 during gasification even at relatively high temperatures (Dupont et al. 2007) . Therefore, the concentration of CH 4 obtained from a real gasification process is often higher than predicted concentration by equilibrium (Dupont et al. 2007; Jand, Brandani, and Foscolo 2005; Dufour et al. 2009 ). Moreover, the heterogeneous reactions of solid particles (i.e. char or soot) are limited by the heat and mass transport between the solid surface and the surrounding gas. Thus, the short residence time usually leads to an incomplete carbon. At incomplete carbon conversion, the yield of the product gas is reduced since a fraction of carbon in the fuel is still bound to the solid particles of char or soot, so this part of carbon does not participate in the process. Simultaneously, the produced gas inside the gasifier will meet a higher amount of air than predicted by equilibrium. So, the exothermic combustion reactions of R 2 -R 5 are favoured by higher λ. In addition, limiting the content of carbon that participates in the endothermic reactions of R 8 -R 9 will lead to a higher release of energy to the reactor in comparison with the equilibrium condition. Eventually, the gasification temperature in a real gasifier will be higher and the product gas composition different from the values expected by equilibrium calculations.
Influence of parameter variations on the cyclone gasifier performance
The process temperature, yields of the product gas and the cold gas efficiency were measured in different λ values during the gasification process of the stem wood. Then, the results have been compared with the predicted results of the thermodynamic equilibrium calculations. In Figure 5 , a comparison between the process temperature from the measurements and the equilibrium calculations is shown. From the experiment, it can be seen that an increase in λ from 0.2 to about 0.3 leads to a temperature increase of about 135°C. Thus, the process temperature reaches about 980°C at λ ≈ 0.28. However, the adiabatic thermodynamic equilibrium predicts the process temperature around 150-250°C lower than the experimentally determined results at the same λ. The equilibrium calculations indicate a small increase in the predicted results of temperature at λ within 0.2-0.3. However, after that at λ of around 0.6, the process temperature suddenly increases of about 215°C due to the complete conversion of carbon (C(s) in Figure 5 ). Moreover, a heat loss of approximately 5% of the fuel load was considered in the thermodynamic equilibrium calculations that results in a small reduction in the predicted gasification temperature compared to the adiabatic case. However, as expected, the heat losses to the surroundings cannot be definitely the only reason for the gap between the calculated and the measured results. In fact, this difference between the equilibrium predictions and the experimental data is mainly due to the kinetic constraints. Because of the limited carbon conversion in the gasification process, a fraction of carbon does not participate in the reactions, and so in practice the product gas experiences larger amount of air than the expected by equilibrium. This phenomenon will affect the endothermic reactions and so larger release of energy into gasifier which results in higher process temperature than the predicted by the equilibrium calculations. In addition, short residence time of the particles in the gasifier is another reason that does not allow the process temperature to reach equilibrium.
In Figure 6 , yields of principal product gas components (CO, H 2 and CO 2 ) and CH 4 are depicted as a function of λ. The predicted curves assuming adiabatic thermodynamic equilibrium and with considering heat loss of 5% of the fuel load are also shown for comparison. From the experiments, it was observed that the yield of CO decreased somewhat by increasing λ from 0.2 to around 0.3 (about 1.5 mol/kg fuel). The yield of CO 2 also quite slightly reduced by λ but it was almost negligible. The yield of H 2 , however, increased to some extent (around 0.9 mol/kg fuel). The yield of CH 4 was mostly affected by increasing λ and had a reduction of around 30% from λ = 0.2 to 0.3. The methane (CH 4 ) has high stability and thus slow conversion rate. So, it is slowly converted to CO and H 2 . If it is intended to use the produced gas for production of synthetic fuels or chemicals, the large amount of CH 4 will be unwanted and should be minimised. However, since in this study it is only aimed to burn the produced gas in a gas engine, the large yield of methane or other combustible gas species is not undesired. According to these available experimental data, the optimal yield of the product gas components cannot be determined in the range of λ = 0.2-0.3, and higher λ is therefore required for reaching the maximum values of the yields. However, increase in λ higher than 0.3 is risky for the cyclone gasifier, since the reactor can only operate at 'dry ash' mode which means that the temperature has to be relatively low enough to avoid ash melting. Increasing λ until 0.3 that corresponds to a higher process temperature around 980°C, will increase the yield of H 2 and decrease the yields of CO and significantly CH 4 . However, the most crucial point is that higher λ reduces the amount of unconverted solid carbon C(s). In fact, a complete conversion of the fuel carbon requires λ higher than 0.3 and thus the process temperature over 1000°C that will affect the gasifier performance by producing undesired molten ash. Therefore, according to the current condition, a λ ≈ 0.3 and a process temperature more or less around 1000°C can be considered as the optimum operating condition for the Hortlax cyclone gasifier. Compared to the experimentally determined yields, it is seen in Figure 6 that the predicted yields of CO from equilibrium calculations at λ = 0.2-0.3 in contrast to the measurements considerably increased by λ from 23 to 35 mol/kg fuel, while at λ = 0.2 the experimental and predicted yields are rather close to each other. Regarding H 2 , similar to the experiments the calculated results also increased slightly by λ and both curves of experimental and predicted results have the same trends with identical slopes. However, there is a quite large difference between the experimental and predicted yields of H 2 for all values of λ. In other words, adiabatic thermodynamic equilibrium overestimates the yields of H 2 significantly. In regards to CO 2 , the measured and predicted lines of the yields show similar trends as λ increases, while there is a rather considerable gap between the two curves. However, this time, equilibrium calculations underestimated the yields of CO 2 . Moreover, according to the thermodynamic equilibrium calculations, the yield of produced methane is predicted quite low (less than 1 mol/kg fuel for λ > 0.2) that decreases by increasing λ and reaches zero at a λ of about 0.34. However, based on the experimental data, the amount of CH 4 in the product gas is much larger than the predictions about 4 times higher, although both measured and predicted curves demonstrate an identical trend of reduction by λ. Furthermore, by accounting for 5% heat loss in the equilibrium calculations, it is seen in Figure 6 that the calculated yields of major components become closer to the measured yields and the gap between the results of the measurements and calculations is rather improved in comparison with the adiabatic condition. However, the gap still is considerable and the predicted results are not in a perfect match with the experiments. As already explained, this is mainly related to the kinetic constraints. In fact, due to the incomplete carbon Figure 6 . Effect of λ on the yields (mol/kg fuel) of major components of the product gas: CO, CO 2 , H 2 , CH 4 . The thermodynamic equilibrium lines from adiabatic conditions and when 5% heat losses are considered, are compared with the experimental data.
conversion during the gasification process, part of the biofuel carbon does not participate in the gasification reactions of R 8 -R 12 , and therefore the product gas meets higher λ than calculated by equilibrium. The higher λ promotes the exothermic reactions of R 10 -R 11 and discourages the endothermic reactions of R 8 -R 9 . Hence, it is believed that higher amounts of CH 4 and CO 2 from the reactions of R 10 -R 11 and lower contents of CO and H 2 from the reactions of R 8 -R 9 are produced compared to the expected by equilibrium calculations. Moreover, it was seen that thermodynamic equilibrium showed almost similar trends of reduction or increase by λ to the experimental data for all of the major component yields of the product gas except CO that is probably due to the reaction of R 12 which can neutralise the effect of reactions of R 8 and R 9 . In addition, the insufficient residence time of the particles in the gasification reactor probably is another reason to prevent the gas compositions from reaching the equilibrium condition. An equilibrium condition is favourite, since a higher amount of CO + H 2 and less amount of CO 2 are created that increase the quality of the product gas. However, as seen, the cyclone gasifier can hardly reach the thermodynamic equilibrium condition.
The Hortlax cyclone gasifier suffers from low cold gas efficiency which is determined by the experiments in the range of 0.53-0.56 (see Figure 7) with the largest value at λ = 0.28. The measured CGE was determined based on the yields of H 2 , CO, CH 4 and other larger energetic gases such as C 2 H 2 , C 2 H 4 and C 6 H 6 (C 2 H 6 was very low). It can be seen that the CGE calculated by adiabatic thermodynamic equilibrium is much higher than the measured values and reaches around 84% in optimum at λ = 0.28. By consideration of 5% heat loss, it becomes about 77% at the same λ. Increase in λ above 0.3 reduces the predicted CGE that is due to the complete conversion of solid carbon, methane and other energetic gases and reduction in yields of CO and H 2 . This large difference between the measured and calculated CGEs is due to the low amount of produced CO + H 2 during the experiments in comparison with the expected by equilibrium. Practically, one of the main factors that can significantly affect the gasification efficiency is the particle size, while theoretically from Figure 7 . CGE for different operating conditions of the cyclone gasifier.
thermodynamic equilibrium calculations this parameter cannot influence the gasification process. For instance, Guo et al. (2009) found that gasification efficiency was increased from 39.11% to 52.99% when the average size of particles was reduced around 4 times. Therefore, it is expected that CGE of the tested cyclone gasifier will be increased if the particle size is decreased.
Normally, carbon conversion is not considered as an important measure for the Hortlax gasifier, since the product gas is utilised in an internal combustion (IC) engine for power generation. And mainly, cold gas efficiency is the most focused measure for assessing the cyclone gasifier. Carbon conversion is influenced by several parameters including process temperature during gasification. The carbon conversion from the experiments for operating conditions within the range 0.22 < λ < 0.28 was estimated around 91.6% by using Equation (2). The carbon content in the char + ash residues collected from the char bin corresponded to less than 4.5% of the total carbon input in the range 0.22 < λ < 0.28. However, the real carbon conversion is lower than this value, since the losses of carbon in other undesirable byproducts such as tar, soot, and the char that leaves the gasifier with the produced gas were not included in the calculations. These losses are quite substantial in the studied cyclone gasifier. The relatively low value of carbon conversion is due the incomplete char gasification and the production of soot at λ < 0.28. This was also predicted by thermodynamic equilibrium calculations that solid carbon was remained stable at λ < 0.3.
The experimentally determined yields of methane (CH 4 ) and other energetic gas products including acetylene (C 2 H 2 ), ethylene (C 2 H 4 ) and benzene (C 6 H 6 ) are plotted against the measured process temperature in Figure 8 . It can be seen that the conversion of CH 4 was enhanced by a higher process temperature. The process temperature inside the studied entrained flow cyclone gasifier is a direct effect of λ, since this gasifier is an auto-thermal gasifier inside which the heat is provided by the exothermic reactions. Therefore, the process temperature and the λ could not be independently controlled without having any effect on each other. Hence, the influence on the CH 4 yield can be attributed to both process temperature and stoichiometry. The yields of C 2 H 2 and C 6 H 6 showed an ascending trend by elevating the process temperature dissimilar to the CH 4 , while the yield of C 2 H 4 has the same descending trend as the yield of CH 4 . However, the yield of benzene decreased suddenly at the temperature 980°C. Thus, it seems that if it is required to reduce the amounts of these products and improve the product gas quality, the gasifier should be operated in higher temperatures above 980°C. However, as already explained, there is a high concern regarding ash melting of the biofuels at the working temperatures of above 1000°C. Overall, the yields of these gas byproducts can be valuable for the plant design in order to establish a proper level of gas cleaning.
Although thermodynamic equilibrium is a simple tool to study the behaviour of the gasification process, an entrained flow cyclone gasifier hardly reaches equilibrium due to especially the kinetic constraints, limited carbon conversion, and short residence time of the particles inside the reactor. Thus, the computational fluid dynamics (CFD) can be applied as an opportunity to perform better predictions of the gasification process.
Comparison of different fuels using thermodynamic equilibrium
The Hortlax cyclone gasifier has shown potentials of fuel-flexibility and working well with even high ash fuels. It was already seen that thermodynamic equilibrium could approximately indicate the trends of increase or decrease of the yields of the main components successfully similar to the measurements. Thus, it is worth to evaluate different biofuels using thermodynamic equilibrium in adiabatic condition and compare the predicted results with each other to assess their performance.
Four other biofuels have been investigated which their compositions are presented in Table 2 . The biofuels were torrefied (Bioendev, Sweden), peat (Överkalix, Sweden), bark (Södra, Sweden) and rice husk (An Giang Province, Vietnam). In Figure 9 , the resulting main gas components including CO, CO 2 , H 2 , and CH 4 for different biofuels are shown as a function of λ. It can be seen that gasification of the torrefied spruce resulted in a product gas with the highest contents of CO and H 2 at different λ. This is probably due to the higher ratio of fixed carbon to ash content of this biofuel in comparison with others. After the torrefied material, the contents of CO and H 2 for the stem wood were higher than the same components for peat, bark and rice husk, respectively. It is seen that the CO content of the stem wood became lower than the one for the torrefied at λ > 0.3, while the H 2 contents of both biofuels were almost the same at different λ. As a comparison, the experiments performed by Risberg et al. (2014) in the 500 kW(th) pilot gasifier also showed that torrefied spruce had the highest contents of H 2 and CO which led to the highest LHV of the product gas and the highest gasification efficiency among the selected biofuels. Based on the predicted results by adiabatic thermodynamic equilibrium, rice husk had the lowest components yields of the product gas with a significant Figure 8 . The relation between the yields of CH 4 , C 2 H 2 , C 2 H 4 , and C 6 H 6 in the product gas and the process temperature. difference compared to the other biofuels. This can be associated to the very low ratio of the fixed carbon to the ash content of rice husk which resulted in the lowest value of LHV for this biofuel among the other fuels. At λ < 0.3, the predicted results of peat and bark indicted almost similar yields of CO and H 2 to each other with a rather close level to the yield of rice husk, but lower than the yields of torrefied spruce and stem wood. The experimental results of (Risberg et al. 2014) also showed that at λ = 0.27, the rice husk and the bark had the lowest amounts of H 2 , while the H 2 concentration for the peat is even higher than the stem wood. Moreover, from the experiments, the lowest contents of CO were for the rice husk and then the peat at λ = 0.27, whereas the amount of produced CO from the bark was higher than the others at the same equivalence ratio. The yields of CH 4 for the biofuels from the thermodynamic equilibrium predictions are indicated in Figure 9 as well. It is noticed that the peat and the bark produced larger amounts of methane than any other fuels, whereas the level of the produced methane from the rice husk was predicted as the lowest at different λ. However, the experiments done by Risberg et al. (2014) showed quite different results. The yield of CH 4 was the lowest for the peat among the other fuels at λ = 0.27. At the same λ, the rice husk and the bark produced the highest amount of methane. In the same experiments, it was seen that at lower λ = 0.2, the stem wood produced quite larger content CH 4 (methane) in comparison with λ = 0.27. Figure 9 . Effect of λ on the yields of main product gas components; CO, CO 2 , H 2 and CH 4 for five different fuels including stem wood, torrefied spruce, peat, bark and rice husk from thermodynamic adiabatic thermodynamic equilibrium calculations. Figure 10 compares the predicted process temperatures and CGE for different biofuels. It is seen that predicted lines of temperature for the torrefied, rice husk and stem wood were quite close to each other in general and had a higher value than the bark and peat at each λ. At λ = 0.35, a sudden increase in the temperature around 150-180°C is observed for the torrefied, stem wood and rice husk, whereas the similar behaviour for the bark and peat is seen at further λ around 0.4. The process temperatures at λ = 0.3 were calculated to be about 680-730°C for all fuels, where the lowest temperature was related to the bark and highest one belonged to the rice husk. As a comparison, in the experiments performed by Risberg et al. (2014) , the process temperature measured by thermocouples located at the wall in three different heights for each biofuel. Hence, the measured temperature was lower than the process temperature inside the gasifier. Moreover, the measured temperatures at different levels of the gasifier had various values and behaviour for each biofuel. Generally, at λ = 0.27 from the experiments, the bark had the lowest overall temperature compared to the other biofuels. At lower equivalence ratio of λ = 0.2, a decrease in the gasification temperature was observed (Risberg et al. 2014) .
The calculated CGE using adiabatic thermodynamic equilibrium for the five fuels are compared in Figure 10 . At low λ (below approximately 0.35), the peat has the lowest CGE, while the rice husk and then the stem wood have the highest values. The maximum CGE for the stem wood and the rice husk reached at λ = 0.3, and for the other fuels were predicted to be in further λ between 0.35 and 0.4. In the experiments by Risberg et al. (2014) , as expected the cold gas efficiencies were much lower than the predicted CGE by thermodynamic equilibrium. The CGE had a rather large uncertainty and also the amount of formed tar was not considered. One possible source of inaccuracies could be related to the errors of measurements by air flow controller. Therefore, it was very likely that the product gas flow and then the CGE were underestimated. However, at λ = 0.27 the tested stem wood showed the highest cold gas efficiency about 52%, whereas the lowest ones around 43% were observed for the peat and the bark.
In Figure 11 , the predicted solid carbon (C(s)) remained after the gasification process for each biofuel is shown as a function of λ. In general, it is seen that at lower λ, the carbon conversion was significantly reduced for all biofuels, and the char gasification was incomplete. However, at λ > 0.4 there was no remained char (C(s)) almost for all biofuels. The highest and the lowest solid carbon yields at each λ were for the peat and the rice husk, respectively. This is probably associated to the amount of fixed carbon (see Table 2 ) which is converted by heterogeneous reactions during the Figure 10 . Predicted temperature and CGE for different fuels: stem wood, torrefied spruce, peat, bark and rice husk using thermodynamic equilibrium in adiabatic condition. gasification process. In the experimental data by Risberg et al. (2014) , the highest amount of char yield at λ = 0.27 was obtained for the bark compared to the other fuels which had approximately the same fixed carbon as the peat, while the lowest one at the same λ was related to the stem wood.
Conclusions
In this work, the process gasification in a commercial demo air-blown cyclone gasifier with a capacity of 4.5 MW of fuel corresponding to 1.3 MW of electricity (2.4 MW(th)) was experimentally investigated. It was shown that how the process temperature, the yields of product gas components, and the gasification process efficiency could be influenced by systematic variation of stoichiometry. The studied cyclone gasifier suffers from low cold gas efficiency which is in optimum around 56% operating at rather low λ about 0.28. The process temperature limitation inside the gasifier was in optimum between 850°C and 950°C. Increase in λ to around a value of 0.3 can improve the quality the product gas by increasing the amount of CO + H 2 as well as reducing the yields of CO 2 and methane.
Thermodynamic equilibrium also was used as a simple tool to find an approximate prediction of the general behaviour of the gasification process. The predicted results by equilibrium showed considerable difference from the measured results, although it enabled to depict the trends of increase or reduction of the component yields rather correctly. This gap is mainly due to limited carbon conversion during the gasification process. However, heat losses to the surroundings and short residence time of the particles can be considered as other minor reasons.
Additionally, the performance of five different biofuels have been studied and compared with each other by using thermodynamic equilibrium. Thermodynamic equilibrium was successful to give a rather correct comparison between the performance of the biofuels. And, the predicted results were roughly similar to the measurements performed by Risberg et al. (2014) . Evaluations have shown that biofuels with a higher ratio of the fixed carbon to the ash content produce a larger amount of CO + H 2 and consequently a product gas with higher quality and larger cold gas efficiency. Figure 11 . The remained char (C(s)) from adiabatic thermodynamic equilibrium calculations for five different fuels: stem wood, torrefied spruce, peat, bark and rice husk.
